The mechanisms of cobalt-induced pulmonary interstitial fibrosis and cancer are incompletely understood. DNA damage, either induced by genotoxic (direct or via oxygen radicals) or co-genotoxic (e.g. inhibition of DNA repair) processes may play an important role in the initiation of cancer. The alkaline comet assay provides a sensitive tool to investigate these two processes. Cobalt metal, a mixture of cobalt with tungsten carbide and cobalt chloride, were compared for their DNA-damaging capacity. Concentrations from 0 to 6.0 µg Co-equivalent/ml were tested. All three compounds were able to induce DNA damage in isolated human lymphocytes from three donors, in a doseand time-dependent way. A relatively large interexperimental and interdonor variability in response was observed. This was ascribed to technical parameters and unidentified individual factors. This confirms the importance of repeating experiments using the same and different donors. The DNA-damaging potential of the cobalt-tungsten carbide mixture was higher than that of cobalt metal and cobalt chloride, which had comparable responses. No significant increase of DNA migration was observed when the DNA of cells treated with cobalt metal, cobalt-tungsten carbide or tungsten carbide were incubated with the oxidative lesion-specific enzyme formamidopyrimidine DNA glycosylase. This suggests that during the short treatment period no substantial oxidative damage to DNA was produced. Cobalt metal was able to inhibit the repair of methylmethanesulphonate-induced DNA damage. This was concluded from simultaneous exposure to cobalt and methyl methanesulphonate, post-incubation and post-treatment with 1.2 µg/ml cobalt of methyl methanesulphonate-treated cells.
Introduction
Occupational exposure to hard metal dust has been associated with the development of pulmonary disorders including asthmatic reactions, interstitial fibrosis ('hard metal disease') or lung cancer (1, 2) . In contrast to asthmatic reactions, where cobalt ions appear to be the causative agents, fibrosing alveolitis and lung cancer appear to require simultaneous exposure to cobalt metal and metallic carbide particles [cobalt-tungsten carbide (WC-Co)] which are the main components of hard metals (3) . Cobalt compounds are classified by the International Agency for Research on Cancer as being 'possibly carcinogenic to humans' (group 2B) (4) . The genetic toxicology of cobalt was reviewed by Beyersmann and Hartwig (5) . Most genotoxicity studies were conducted using soluble Co(II) salts. In in vitro mammalian cell systems, Co(II) was able to produce DNA strand breaks, sister chromatid exchanges, aneuploidy, DNAprotein cross-links, micronuclei, gene mutations and morphological cell transformation but not chromosomal aberrations.
From in vivo studies with rodents, it was concluded that CoCl 2 induced aneuploidy, chromosomal aberrations and dominant lethal effects. As far as cobalt particles are concerned, our laboratory showed that Co metal and WC-Co particles were able to induce DNA breaks and micronuclei in human peripheral lymphocytes in a dose-dependent manner as measured by the alkaline comet/elution assays and the in vitro cytokinesisblocked micronucleus test, respectively (6, 7) .
In general, metal genotoxicity appears to follow two predominant modes of action, i.e. induction of oxidative damage or interaction with DNA repair processes (8) . Co(II) is known as a transition metal and can therefore, after reaction with cellular H 2 O 2 , generate activated oxygen species (AOS) in a Fentonlike reaction. In the case of the WC-Co particles, there is strong experimental evidence (9) that the interactive (geno)toxicity of WC-Co is mediated by AOS produced by the association of Co and WC but not by Co or WC alone. These AOS, possibly the hydroxyl radical, are known to alter the integrity of the DNA. This interaction also leads to the production of Co xϩ ions, which may bind to DNA and/or proteins and induce conformational changes or interfere with the DNA repair mechanisms. The possible interference of Co(II) with DNA repair activities was described by Hartwig et al. (10) . Co(II) was able to inhibit the removal of UVC-induced cyclobutane pyrimidine dimers in mammalian cells; in contrast Co(II) did not inhibit DNA strand rejoining after X-irradiation. These data suggest that Co(II) specifically acts on the nucleotide excision repair pathway (11) . Recently, Kasten et al. (12) provided further evidence that Co(II), at low non-cytotoxic concentrations, inhibits both the incision and polymerization step of nucleotide excision repair in human fibroblasts. They suggested the substitution of essential Mg(II) ions by Co(II) ions as a possible mechanism of repair inhibition.
Anard et al. (6) showed that addition of 1 M formate, a hydroxyl scavenger, had a protective effect against the production of single strand breaks by WC-Co particles, which is consistent with the implication of an increased production of hydroxyl radicals when Co is mixed with WC particles. Van Goethem et al. (7) detected an increased incidence of micronuclei in cobalt/hard metal-treated lymphocytes.
The alkaline comet assay provides a sensitive tool to detect DNA damage (single strand breaks and alkali labile sites) at the single cell level. The assay, in the alkaline version introduced by Singh et al. (13) , has proved to be an important method in genotoxicity testing, ecogenotoxicology and biomonitoring (14) (15) (16) . Use of the comet assay in combination with lesion-specific bacterial repair enzymes significantly enhances its specificity and sensitivity (17, 18) .
Complementary to previous studies performed in our laboratory (6,7), which assessed the potential genotoxicity of hard metal particles, this study was aimed at comparing soluble and insoluble cobalt compounds and at different levels of variability. The first part of this study compared the direct genotoxic effects towards human lymphocytes of three cobalt compounds: cobalt metal particles (Co), a cobalt alloy with tungsten carbide (WC-Co), and a cobalt salt, CoCl 2 . The DNAdamaging capacity of these compounds was compared using the alkaline comet assay on cells from three donors. The interdonor and interexperimental variability in the response was evaluated, as well as its time-dependency. The induction of oxidatively-damaged DNA by cobalt compounds was assessed using formamidopyrimidine DNA glycosylase (Fpg), which recognizes 8-hydroxyguanine (8-OH-Gua) and other damaged purines (Fapy-sites). In the second part of the study, the interference of Co particles with the repair of mutagen-induced DNA damage was investigated, also using the alkaline comet assay. Isolated human lymphocytes were exposed to methyl methanesulphonate (MMS) alone or simultaneously to MMS and a non-genotoxic dose of cobalt metal particles. Postincubation and post-treatment with Co of MMS-treated cells was also included.
Materials and methods

Test compounds
The following materials were used: extra fine cobalt metal (Co) obtained from a cobalt refinery, 99.87% purity, median particle size (d 50 ) 4 µm; tungsten carbide (WC) from Johnson Matthey (Royston, UK) 625655, 99.5% purity, d 50 Ͻ1 µm; a pure mixture of Co (6%) and WC (94%) particles made in the laboratory (WC-Co); cobalt chloride (CoCl 2 .6H 2 O) was obtained from Sigma (St Louis, MO).
Since the effect of different cobalt compounds was compared, the concentrations used always contained the corresponding amounts of cobalt (cobaltequivalent). In the case of WC, 100 µg was considered equivalent to~100 µg WC-Co. All stock solutions and suspensions were prepared freshly just before use. Before addition to the cell culture, the particles were suspended in deionized water and mixed carefully.
Reagents
Ethyl methane sulphonate (EMS), methyl methane sulphonate (MMS), sodium hydroxide (NaOH), sodium chloride (NaCl), tris(hydroxymethyl)-amino methane, ethylenediaminetetra-acetic acid disodium salt or Titriplex III (EDTANa 2 ) and dimethyl sulphoxide (DMSO) were obtained from Merck (Darmstadt, Germany). Ethidium bromide, HEPES, bovine serum albumin (BSA) (albumin bovine fraction V), Trypan blue and Triton X-100 were purchased from Sigma. Purified phytohaemagglutinin HA 16 (PHA) was obtained from Murex Biotech (Erembodegem, Belgium), Ca 2ϩ and Mg 2ϩ free phosphate-buffered saline (PBS) from ICN, and ethanol from Belgalco (Brugge, Belgium). Ham's F10, normal melting point agarose (NMP), low melting point agarose (LMP), and fetal calf serum (FCS) were purchased from Gibco BRL (Paisley, UK). Potassium chloride (KCl) and potassium hydroxide (KOH) were obtained from VEL (Leuven, Belgium).
Cell culture procedure
Blood samples were taken from three healthy, non-smoking, female donors (age Ͻ30 years) by venipuncture in heparinized tubes (Vacutainer; Benton Dickinson, Oxford, UK). In all experiments one of the same three donors was used. After isolation on a Ficoll-Paque gradient (Pharmacia Biotech, Brussels, Belgium), lymphocytes were washed in PBS and resuspended in Ham's F10 medium containing 15% FCS and 2% PHA. One millilitre cultures were set up with a concentration of~5ϫ10 5 cells/ml and incubated for 24 h at 37°C and 5% CO 2 .
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Cell treatment Direct DNA-damaging effects. Concentrations of Co, WC, WC-Co and CoCl 2 were made in sterile deionized water and dispersed in 1 ml cultures. The cells were exposed after 24 h of PHA stimulation to 10 µl of the test substance at 37°C. Treatment time was 15 min in the dose-effect experiments and 15 min, 1, 2, 4, 6, 14, 24, 48 and 72 h in the kinetics experiment. EMS, used as positive control, was diluted in PBS, and exposure was for 2 h. H 2 O 2 was diluted in PBS and exposure proceeded on ice for 5 min. After treatment, the cells were centrifuged for 10 min at 400 g. The supernatant was removed and the cell pellet was resuspended and processed for the comet assay.
Indirect DNA-damaging effects. After 24 h stimulation, cells were treated with MMS (2.2 or 5.5 µg/ml) for 2 h. The cells were centrifuged at 400 g for 10 min and then immediately submitted to the comet assay or washed with PBS and further incubated in complete medium for another 2 h in the absence (post-incubation) or presence (post-treatment) of 1.2 µg/ml Co. Simultaneous exposure to MMS and 1.2 µg/ml Co for 2 h was also tested. After treatment, the cultures were centrifuged at 400 g for 10 min, the supernatant was removed and the cell pellet resuspended and processed for the comet assay.
Alkaline single cell gel electrophoresis assay
The alkaline comet assay was performed according to the method described by Singh et al. (13) with some modifications. Normal microscopic slides (26ϫ76 mm; VEL) were coated with 1% (w/v) NMP prior to use and left to dry (the agarose was dissolved in water and prepared in a microwave oven). Aliquots of 15 µl of cells were mixed with 300 µl of 0.8% (w/v in PBS) prewarmed (37°C) LMP and embedded between a normal slide and a cover slip. The slides were then placed on ice to allow the gel to solidify. After gently removing the cover slip, the slides were immersed in a Coplin jar filled with cold lysing solution (2.5 M NaCl, 10 mM Tris, 100 mM EDTA-Na 2 , pH 10 supplemented just before use with 10% DMSO and 1% Triton X-100) for a minimum of 1 h at 4°C. For detection of oxidative DNA damage, slides were washed three times with enzyme buffer (40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA-Na 2 , 0.2 mg/ml BSA, adjusted to pH 8.0 with KOH) prior to incubation with 50 µl Fpg for 30 min at 37°C (enzyme concentration: 0.83 µg/ml). The enzyme was a kind gift from Dr A.Collins (Rowett Research Institute, Bucksburn, Aberdeen, UK). Denaturation was performed in a horizontal gel electrophoresis unit that contained a buffer made of 300 mM NaOH and 1 mM EDTA-Na 2 (pH Ͼ 13) for 40 min (the slides were placed side by side, completely covered with buffer and the buffer temperature was kept at 18°C). Electrophoresis was conducted in the same buffer for 20 min at 25 V and 300 mA (0.7 V/cm). After removal from the buffer, the slides were washed with 0.4 mM Tris, pH 7.5, to remove excess alkali and detergent (3ϫ5 min). The cells were dehydrated in 100% ice-cold ethanol (10 min) and stored in a humid and dust-free place until analysis. The protocol was performed under dim yellow light to prevent further induction of DNA damage.
To visualize the DNA damage, the slides were hydrated by adding 200 µl deionized water (10 min) and then stained with 20 µg/ml ethidium bromide (10 min). Fifty or 100 randomly selected and non-overlapping comets were captured on coded slides using a Leitz fluorescence microscope (ϫ25 objective) coupled to a CCD camera and image analysis system (Komet 3.0; Kinetic Imaging, Liverpool, UK). Tail length (TL), tail DNA (TD ϭ % of DNA in tail) and tail moment (TM ϭ TLϫTD) were recorded.
Presentation of results and statistical analysis
Direct DNA-damaging effects. For each given treatment 50-100 comets could be scored, and the median and mean TM values and SD were calculated. The coefficient of variation (CV ϭ SD/meanϫ100) was also determined. A CV of Ͼ100 was regarded as exceptionally high. To evaluate interexperimental and interdonor variability, and the effect of the different cobalt compounds, the raw data from different experiments were combined. Statistics were performed using regression analysis and the non-parametric, two-tailed MannWhitney U-test (two parameters) and the Kruskall-Wallis test (three parameters). Regression analysis was performed using a linear and a polynomial (binomial) model, for which the r-and P-values were calculated. For the nonparametric tests, raw data of each treatment-point from different experiments with the same donor were compared with the data from the corresponding treatment [e.g. 0.3 µg/ml Co-equivalent in donor B: 2ϫ50 measurements for Co (from two experiments) were compared with 2ϫ50 measurements for WC-Co]. By the same approach, the interdonor variation was determined. A P-value Ͻ0.01 was set as the significance level.
For the time kinetics experiment, box plots of tail moment for Co and WCCo treatments were prepared. A box plot represents the 50 measurements (50% within the box and 50% on either side of the box) and the median value of the distribution of damage among cells. Only data for tail moment (TM) were considered since this parameter reflects both the amount of induced DNA damage and the migration distance. The Mann-Whitney U-test was used. Trypan Blue exclusion results are presented graphically.
For detection of oxidative DNA damage, box plots are given for treated cells with and without enzyme digestion. Statistics were performed using the Mann-Whitney U-test.
Indirect DNA-damaging effects. The Mann-Whitney U-test was used on tail moment data. Mean TM values Ϯ SD are presented.
Results
Direct genotoxic effects of cobalt compounds
The DNA-damaging potential of three selected cobalt compounds in isolated human lymphocytes (Co, WC-Co, CoCl 2 ) were compared. Cells from three donors were used to explore interdonor/interexperimental variability. The cells were exposed for 15 min to the following concentrations: 0, 0.3, 0.6, 1.2, 1.5, 2.0, 2.5, 3.0 and 6.0 µg/ml Co-equivalent. The doses were selected on the basis of previously published data (6, 7, 19) . The 15 min exposure was chosen to avoid substantial repair activities. In total, the results from 15 experiments using three donors were considered. The experiments were repeated a number of times, using at least one of the same three donors, and a relatively large variability in response was observed. Donor M was used most frequently (six experiments), then donor S (five experiments) and finally donor B (four experiments). The tail moment results of these experiments are provided in Table I . From these data it is clear that the distribution of damage among the cells is relatively wide, as demonstrated by the high CV.
Dose-effect relationship and variation
Regression analysis of tail moment values showed that the amount of induced damage increased with the concentration of Co, WC-Co or CoCl 2 (Table I) . This dose-effect relationship was not linear but polynomial (binomial), since the r-value of the latter model was consistently higher. However, the significance levels of these regression analyses were often low. The results obtained by analysis of TL and tail DNA showed analogous patterns: the TM reflected both parameters well.
Based on inspection of the CV for data combined across experiments (data not shown), it became clear that the largest interexperimental variability in TM was observed in two of three donors, when cells were exposed to Co (see also error bars in Figure 1 ). For lymphocytes from donor M, the experiments with CoCl 2 varied the most. In control and EMS treated cells, the variability was mostly low.
To compare the DNA-damaging potential of Co with that of WC-Co and CoCl 2 the pooled data from each treatmentpoint (within one donor) were analysed using the non-parametric Mann-Whitney U-test. Figure 1 shows that WC-Co induced more migration compared with Co alone and CoCl 2 in two of three donors (B and S). In these donors, Co and CoCl 2 induced about the same extent of migration. In donor M, all three compounds induced more or less the same migration level.
In Figure 1 , the interdonor variability in the response of isolated human lymphocytes after treatment with Co, CoCl 2 and WC-Co during 15 min can be identified. At nearly all concentrations tested there is a statistically significant difference between the donors (P Ͻ 0.01, Kruskall-Wallis test). For Co and CoCl 2 , cells from donor M showed the highest response, whereas for WC-Co they had the lowest response. Again, the variation of background DNA damage levels (controls) was not significant. However, it should be mentioned that no real accurate estimation of the interdonor variation was achieved, 2023 since each electrophoresis (experiment) was conducted using a single donor (Table I) .
Time-dependency of response
Treatment of isolated human lymphocytes (donor S) with Co or WC-Co for 15 min, 1, 2, 4, 6, 14, 24, 48 and 72 h resulted in a time-dependent increase of damage up to 6 h of exposure (Figure 2 ). At 15 min of exposure, a large difference in DNA migration was seen between Co and WC-Co particles. This difference decreased with longer treatment times. For the longer exposed samples (14, 24, 48 and 72 h) a relatively large number of severely damaged nuclei was noted. These nuclei could not be measured correctly since they were too diffuse to be assigned a head or a tail. The remaining measurable nuclei had low damage levels as can be seen in Figure 2 , with an increasing intrasample variation. These cells occurred at exposure times associated with an increased frequency of dead cells, as indicated by the Trypan blue exclusion test (Table II) .
Detection of oxidative DNA damage
After treatment with Co, WC, WC-Co, EMS and H 2 O 2, lysed cells were incubated for 30 min with the lesion-specific Fpg enzyme that recognizes 8-OHGua, the major product of oxidative attack on DNA and so-called Fapy-sites. Figure 3 shows the damage for each treatment-point with and without the use of Fpg. Treatment of isolated human lymphocytes (donor B) with 6.0 µg/ml Co, WC and WC-Co for 15 min did not give rise to a statistically significant increase of Fpgsensitive sites (measured as TL, TD or TM in 100 comets). The effect of WC-Co was exceptionally high in this experiment and, at the level of the TL, a significant decrease could be detected in the presence of Fpg (the other two parameters did not significantly differ). EMS-exposure (2 mM for 2 h) lead to significantly higher DNA damage values when cells were incubated with the enzyme. Cells from the same donor exposed to 50 µM H 2 O 2 for 5 min on ice clearly had more damage after Fpg-incubation. Incubation with the enzyme buffer alone had no significant effect on DNA migration in the comet assay. Non-treated cells from donor B showed, in the different experiments, either no endogenous level of oxidative damage or a small elevation of damage after Fpg-treatment (all damage parameters; data not shown).
Indirect genotoxic effects of cobalt compounds
To assess a possible interference of cobalt compounds with the repair of primarily-induced DNA damage, isolated and stimulated human lymphocytes were treated with methyl methanesulphonate (MMS) at two concentrations (2.2 and 5.5 µg/ml). The treated cells were further incubated for 2 h in the absence (post-incubation) or presence (post-treatment) of Co (1.2 µg/ml). Cells that were simultaneously treated with MMS and cobalt metal particles for 2 h were also included. The concentration of cobalt was chosen from the dose-effect experiments as not causing a statistically significant increase in DNA migration (except in experiment 13). Table III displays the mean TM values and standard deviations and the statistical analysis of the comparison between different treatments for three separate experiments. MMS, at the two concentrations tested, had a clear damaging effect on the DNA from isolated human lymphocytes. TL, TD and TM increased statistically significantly after 2 h of exposure when compared with the negative control. This damage was reduced but still present when MMS-treated cells were further incubated for 2 h after removal of the MMS (post-incubation). For the lowest concentration, the decrease of induced damage is clear except in experiment 3. For the highest concentration, the decrease of damage was more pronounced. Post-treatment with a nongenotoxic dose of cobalt metal particles of MMS-treated cells induced elevated levels of DNA damage in comparison with post-incubation. Again there was a discrepancy between the two MMS concentrations used. With 2.2 µg/ml MMS, the results from the three experiments were somewhat contradictory; with 5.5 µg/ml MMS, an increase of damage was obvious at all investigated parameters. Simultaneous exposure of isolated human lymphocytes to MMS and Co resulted in a mostly significant increase of damage at 5.5 µg/ml MMS and a mostly non-significant decrease at 2.2 µg/ml MMS. Exposure of cells to Co alone did not increase DNA damage level compared with the control cells in experiment 2. In experiment 3, the damage levels were statistically significantly increased after Co exposure. The intrasample variation was mostly low (Table III) .
Discussion
Direct genotoxic effects of cobalt compounds
In a previous study we were the first to demonstrate the genotoxic property of cobalt metal-containing dusts by means of DNA strand breaks and alkali labile sites, using the alkaline comet and elution assays (6). Van Goethem et al. (7) confirmed the DNA-damaging potential of the particles by increased levels of micronuclei in the in vitro micronucleus test.
Dose-effect relationship and variation
In the present study we further analysed the dose-effect relationships for three cobalt compounds (Co, WC-Co and CoCl 2 ) in isolated human lymphocytes with particular attention to comparison with a soluble cobalt salt and to different levels of variability. In the three donors and with all compounds, a mostly dose-dependent increase of DNA migration was obtained. This relationship was binomial (non-linear), mostly showing a dome-shaped curve, which possibly reflects cross-2025 linking at higher concentrations. However, in preliminary experiments that combined the comet assay with proteinase K incubation, no indications of cross-linking were observed (data not shown). We confirmed previously obtained results (6, 7) that the WC-Co mixture induced more DNA migration in the comet assay than Co alone. The data presented here indicate that the effect of the soluble CoCl 2 was of the same amplitude as that induced by Co metal. Three levels of variability were identified. A relatively large intrasample variation was observed, as indicated by the coefficient of variation in Table I . The presence of both stimulated and unstimulated lymphocytes in the sample after 24 h incubation with PHA may account for some of this variability: most of the cells from one treatment had similar damage levels and there was a small number of comets with high damage. In the negative and positive control, outliers are generally not present. An important heterogeneity in the response was observed depending on the experiment/donor considered. The differences between donors were caused by differences in both damage levels and frequencies of damaged cells. In contrast to the case of cobalt-treated cells, donor variability seems to be less important for the control cells. Variability is a typical (unavoidable) feature of biological systems. Awareness of the existence of this variability improves the accuracy of interpretation of a technique. Besides some confounding factors (e.g. donor age, diet, metabolism, repair, etc.) that are common to all cytogenetic tests, the comet assay presents some specific drawbacks. Indeed, there exist protocolrelated parameters that have an influence on the extent of migration, but which should be considered by the experimenter. Thus, to minimize interference of variation, it is important to view the effect relative to its control within the same electrophoretic run. This heterogeneity should not only be regarded as a disadvantage: this technique allows identification of differences in the reaction to chemicals at the single-cell level, and this is an important strength of the assay. However, there is need for standardization of the comet protocol before it can be considered as a pre-screening test for chemicals. The role of Co(II)-ions in the genotoxicity of cobalt particle compounds remains unidentified. The lack of toxic activity of Co(II) in the presence or absence of WC lead to Lison et al. (9) concluding that solubilized cobalt is probably not involved in the production of free radicals. In the model proposed by Lison et al. play an important role in inhibition of repair of primarily damaged DNA (8, 12) .
After the short incubation that was performed in the doseeffect experiments, mainly to avoid significant DNA repair, it is not likely that the particles are taken up substantially. A possible explanation of the DNA damage that is detected at this point is that it originates from lipid peroxidation activities at the cellular membrane, a mechanism that was previously suggested to be involved by Lison et al. (9) . However, in the present study, no significant increase of Fpg-sensitive sites (mainly oxidized bases) was observed.
The uptake of cobalt/hard metal particles by cells remains unclear at the present time. Uptake of Co(II) by V79 Chinese hamster and HeLa cells was shown to be rather slow (20, 21) . The suggested mechanisms involved are active, energy-dependent transport such as ion pumps and/or endocytosis. In the case of particles and human lymphocytes the issue is even less clear. Further studies should focus on the uptake rate and mechanisms of cobalt/hard metal particles by human lymphocytes as surrogate cells and pneumocytes as target cells.
Time-dependency of response
The amount of induced damage, as assessed by TM analysis, increased when exposure to Co or WC-Co (6.0 µg/ml Co- equivalent) was prolonged ( Figure 2 ). The peak value of response was probably situated between 6 and 14 h of treatment. After 14 h of treatment the cell viability decreased significantly, which possibly reflects the cytotoxicity of the applied cobalt compounds (Table II) . The decrease in difference of the response between Co and WC-Co treatment towards longer exposure times may suggest differences at the uptake level. However, it has been shown that although the solubilization and consequent bioavailability of Co from metal particles is increased in the presence of WC particles, there is no correlation between the intracellular cobalt concentration and cell toxicity (19) .
Detection of oxidative DNA damage
By combining the comet assay with a lesion-specific enzyme, no substantial Fpg-sensitive sites, i.e. mainly oxidized bases, could be detected after a short incubation of human lymphocytes with Co, WC or WC-Co (Figure 3 ). In contrast, hydrogen peroxide (50 µM), used as an internal control, was able to cause oxidative DNA damage, which demonstrates the sensitivity of the assay. A possible explanation of the lack of oxidative DNA lesions after treatment with Co, WC and WCCo may lie in the fact that reactive oxygen species such as 2027 the hydroxyl radical need to be formed close to their target in order to exert their damaging effect. The small and nonstatistically significant differences in TM after enzyme digestion obtained with Co-, WC-and WC-Co-treated cells may be related to lipid peroxidation processes that induce free radicals with lower DNA-damaging capacity or may reflect endogenous levels of oxidative lesions. The donor susceptibility may in this case also be important, because antioxidant status influences induction of oxidative DNA damage. Thus, from this study, we cannot draw a definitive conclusion on the mechanism involved in cobalt/hard metal-induced DNA damage and further studies will be needed to elucidate the mechanism of the DNA-damaging effect of Co and WC-Co particles.
Indirect genotoxic effects of cobalt compounds
Co(II), at non-cytotoxic doses, inhibits both the incision and polymerization step of the repair of UV-induced DNA lesions, as measured by the alkaline unwinding technique in human fibroblasts (12) . In the present, study these findings were examined with cobalt metal particles using the alkaline comet assay on methyl methanesulphonate-treated isolated human lymphocytes. The usefulness of the comet assay in repair studies is well established. Hartmann and Speit (22) provided ϩ * ϩ * ϩ * 2.2 µg/ml MMS ϩ post-incubation versus 2.2 µg/ml MMS -* -* ϩ 2.2 µg/ml MMS ϩ post-treatment 1.2 µg/ml Co versus 2.2 µg/ml MMS ϩ ϩ * -* -* post-incubation 2.2 µg/ml MMS ϩ 1.2 µg/ml Co versus 2.2 µg/ml MMS ND --5.5 µg/ml MMS versus control ϩ * ϩ * ϩ * 5.5 µg/ml MMS ϩ post-incubation versus 5.5 µg/ml MMS -* -* -* 5.5 µg/ml MMS ϩ post-treatment 1.2 µg/ml Co versus 5.5 µg/ml MMS ϩ ϩ * ϩ * ϩ * post-incubation 5.5 µg/ml MMS ϩ 1.2 µg/ml Co versus 5.5 µg/ml MMS ND ϩ ϩ * ND, not determined; ϩ, damage increase; -, damage decrease. *P Ͻ 0.05.
evidence of an inhibition by arsenic and cadmium of benzo[a]-pyrene and MMS-induced DNA repair processes in human cells.
In this study (data from three experiments), MMS increased TL, TD and TM in isolated human lymphocytes in a dosedependent manner (Table III) . Post-incubation of MMS-treated cells resulted in significantly lower DNA damage levels, implying that repair took place. Post-treatment with Co particles at a non-genotoxic dose resulted, after 5.5 µg/ml MMS, in higher damage values as compared with post-incubation values, which possibly reflects inhibition by the cobalt particles of the ongoing repair of MMS-induced DNA lesions, which had presumably reached the polymerization step. After recognition and excision of the MMS-alkylated bases, an apurinic site occurs as an intermediate. When cobalt inhibits the action of the polymerase, the persisting alkali labile AP sites will give rise to single strand breaks, which will result in increased DNA fragmentation/migration in the comet assay. With 2.2 µg/ ml MMS no definitive conclusions could be made as TM values were not consistent across the three experiments. In addition, simultaneous exposure of lymphocytes to 5.5 µg/ml MMS and 1.2 µg/ml Co for 2 h resulted in higher damage values, conceivably representing an interference of Co particles at the incision of methylated bases, allowing more alkali labile sites to be expressed, which otherwise, in the absence of Co, would be repaired.
The used dose of Co (1.2 µg/ml) did not elevate DNA damage after 2 h exposure in experiment 2 (donor S) but did so in experiment 3 (donor M). The overall interexperimental variation of the indirect genotoxicity experiments was comparable with what was obtained in the dose-effect experiments but the intrasample variability was smaller. Thus, this comet assay study shows that Co metal is able to cause persistence of MMS-induced DNA lesions by interference during its repair.
MMS is a mono-functional alkylating agent that interacts mainly with N-7 of guanine (23) . The majority of the induced lesions is processed via the base excision-repair pathway (BER) (24) . Snyder et al. (11) suggested that Co(II) acts mainly on the nucleotide excision repair pathway (NER) as 2028 Co(II) was shown to completely block the repair of UV-but not X-ray-induced DNA lesions. One might thus have expected not to see an interference by Co on MMS-induced damage. However, since Co(II) acts specifically on polymerases, it may well be that both the polymerases of NER and BER are affected by cobalt. A possible mechanism for the co-mutagenicity of Co(II) lies in its competition with Mg(II) ions, which act as an activating cofactor for DNA polymerases (12) . In this way, the polymerase, independently of the followed excision repair pathway, may become inactivated and the lesion may persist in DNA. As was also suggested in the present study, cobalt might already act at the incision step of the excision repair of MMS-induced lesions. To investigate, this the use of repair inhibitors should be considered in future studies.
If the interaction of cobalt particles with excision repair as indicated in the indirect genotoxicity experiments holds true for repair of endogenous DNA damage, the DNA damage observed in the direct genotoxicity experiments may also be related to repair inhibition by cobalt particles.
In conclusion, this study illustrates the strengths and weaknesses of the alkaline comet assay to elucidate the underlying mechanisms of cobalt-induced genotoxicity. Both direct and indirect aspects of cobalt compounds seem to interfere with the DNA integrity, which in turn may favour (pre)malignant progression. Donor susceptibility should be taken into account when genotoxicity experiments are conducted. Repetition of experiments with the same and different donors is encouraged as well as evaluation of different genetic parameters (TL, TD and TM). Further studies using target pulmonary cells will provide more evidence on the genetic risk of exposure to cobalt-containing dusts.
